Synchrotron radiation-based Fourier transform infrared (SR-FTIR) spectromicroscopy is a newly emerging bioanalytical and imaging tool. This unique technique provides mid-infrared (IR) spectra, hence chemical information, with high signal-to-noise at spatial resolutions as fine as 3 to 10 microns. Thus it enables researchers to locate, identify, and track specific chemical events within an individual living mammalian cell. Mid-IR photons are too low in energy (0.05 -0.5 eV) to either break bonds or to cause ionization. In this review, we show that the synchrotron IR beam has no detectable effects on the short-and long-term viability, reproductive integrity, cell-cycle progression, and mitochondrial metabolism in living human cells, and produces only minimal sample heating (< 0.5°C). We will then present several examples demonstrating the application potentials of SR-FTIR spectromicroscopy in biomedical research. These will include monitoring living cells progressing through the cell cycle, including death, and cells reacting to dilute concentrations of toxins.
I. Introduction
Diseases usually begin with a single cell. With the continuing successes in gene sequencing and protein identification, biomedical researchers are now increasingly focused on understanding the onset of disease and the functions of diseased cells. This necessitates a more thorough comprehension of t he interactions of living cells with their surrounding tissues and micro-environments. Imaging techniques which can simultaneously provide morphological and chemical information within living cells and tissues are very powerful unifying tools for meeting this scientific need. Today intensive research in experimental biology, spectroscopy, and analytical instrumentation is seeking new ways to image chemical information within living cells.
Infrared (IR) spectromicroscopy combines infrared spectroscopy, a sensitive analytical chemistry technique, with microscopy to enable detailed chemical analysis on a microscopic scale. Many common biomolecules, such as nucleic acids, proteins, and lipids have characteristic and well-defined IR-active vibrational modes [46, 61, 71] . With appropriate interpretation of measured IR spectra one can detect, identify, and quantify many molecular species within a biological sample. This IR spectroscopy capability has been combined with microscopy, which allows one to conduct chemical analysis and map the distribution of chemical species with fine spatial resolution. The resultant spectromicroscopy technique applied to biological systems has been reviewed many times, recently in Science [84] .
Sufficient signal to noise for detailed spectral interpretation of samples the size of individual human cells has only been very recently achieved by adding the brightness of synchrotron-based IR sources to the technique [13, 65] . Fourier transform infrared (FTIR) spectromicroscopy with a synchrotron radiation-based (SR) source is a newly emerging bioanalytical and imaging tool that can monitor biochemical events within different compartments of an individual living cell without the need for fixing, staining, or labeling. Recent uses of synchrotron infrared spectromicroscopy include the examination of biological samples such as individual living cells [32] [33] [34] 37, 38, 51, 83] , tissue samples [11, 19, 53, 54] , microbial-chemical interactions in environmental settings [28, 31] , protein conformations [52, 87] , and plant-soil interactions [64] .
In this review paper we will describe the SR-FTIR spectromicroscopy technique, demonstrate that this technique is a truly non-destructive chemical microprobe, and review examples demonstrating the potential applications of this novel technique for biomedical research. All the measurements presented here were performed at the Advanced Light Source (ALS) Beamline 1.4 at Lawrence Berkeley National Laboratory [47, 49, 50] .
II. Synchrotron FTIR Spectromicroscopy
Conventional mid-infrared sources used in FTIR instruments are thermal emission elements that produce a graybody spectrum from a filament heated to 1000 to 2000 K. These elements are physically large (at least several millimeters), and typically radiate in all directions. The optics of the FTIR bench collect the light, then collimate and pass it through the scanning interferometer. Next, this modulated light is sent into the IR microscope. The IR microscope objective and condenser optics are all-reflective and focus the IR light to a small spot on a sample. Finally, the light that the sample reflects or transmits is collected, focused onto an appropriate infrared detector, and processed by a computer via a Fourier transform to produce an infrared spectrum.
The brightness (flux/area) attainable in IR spectromicroscopy is governed primarily by how closely the source approximates a point. The thermal emission sources can be focused down to 75 to 100 µm with an IR microscope. To measure something smaller, you must mask away part of the incoming light, significantly reducing the signal strength. A true point source could be focused to a diffraction-limited spot size; with f/1 optics this is approximately the wavelength of the light [15] . This is where using a synchrotron as an IR source makes a big improvement.
A synchrotron is a high-energy electron storage ring optimized for the production and collection of the intense light radiated by the electrons upon acceleration. In the mid-IR wavelengths-3 to 20 µm-the effective source size for a typical synchrotron light source is nearly diffraction-limited. In other words, it is very close to an ideal point source. This means that in FTIR spectromicroscopy based on synchrotron radiation (SR), the beam is focused to a spot with a diameter ≤10 µm [14, 15, 47] , smaller than a typical mammalian cell. This provides hundreds of times the brightness of conventional IR sources. The sample can be positioned using a computer-controlled x-y-z stage with 1-µm precision, allowing mapping measurements of FTIR spectra as a function of x and y position on the sample. A schematic of a synchrotron infrared beamline is shown in Figure 1 . This considerably higher brightness available at synchrotron IR spectromicroscopy facilities enables a multitude of new scientific applications where size matters.
The high brightness of the synchrotron IR source plays an important role in studying localized biochemical phenomena in a living single cell.
To demonstrate the advantage of using a synchrotron source, we compare the measured signal to noise ratio in the mid-IR for a conventional thermal IR source and the synchrotron. These measurements were made using a Thermo Nicolet Nexus 870 FTIR bench and a Thermo SpectraTech Contiuµm IR microscope at the ALS Beamline 1.4. We measured 100% reflection lines utilizing a goldcoated glass sample for both sources and for various aperture sizes. We used an MCT-B detector, co-added 128 scans for background and sample measurements at a spectral resolution of 4 cm -1 and a scanning mirror velocity of 1.8988 cm/sec. The top panel of Figure 2 compares the measured 100% lines for a 10 x 10 micron aperture for the EverGlo™ thermal IR source and the synchrotron source. As noted in the figure, the RMS noise value determined between 2450 and 2550 cm -1 is significantly better for the synchrotron source.
The signal to noise value at 2500 cm -1 was obtained for each source and aperture setting measured by dividing the single beam intensity at this wavenumber value by the corresponding RMS noise value. The results are also plotted on a log scale in Figure 2 . The signal to noise ratio for the thermal EverGlo™ source drops rapidly as the aperture size decreases, whereas for the synchrotron source the signal to noise ratio remains essentially unchanged until the aperture size finally reaches the beam spot size of 10 microns. Since the focused size of the thermal IR source is greater than 70 x 70 microns, closing down the aperture size simply reduces the total IR signal proportional to the area reduction. The noise level becomes significantly worse as the aperture is size is decreased, becoming essentially unusable at aperture sizes below 20 x 20 microns.
The focused spot size of the synchrotron source, however, is diffraction limited (3 to 10 microns in diameter) so its signal to noise ratio is only affected at aperture sizes smaller than 10 microns. As shown in the lower panel of Figure 2 , the synchrotron is observed to have a better signal to noise than the thermal IR source at all aperture sizes. The noise doesn't start to increase until the aperture size reaches 10 x 10 microns, and a usable signal is maintained even at the smallest aperture sizes available of 5 x 5 microns. Note that the longest wavelengths (lower wavenumbers) are being cutoff by the smallest aperture settings as is expected by the diffraction limited spot sizes (approximately the wavelength).
Since the synchrotron source's signal to noise ratio is more than 1000 times better than the thermal source for spatial resolutions of 3 to 10 microns, this technique is ideal for the study of small and/or heterogeneous samples, for example; individual living cells, microorganisms, and larger biological systems in which local biochemistry may have significant spatial variations.
III. Truly non-destructive nature of SR-FTIR spectromicroscopy
Non-destructive in the context of cellular micro-imaging has become an imprecise and relative term. It can merely mean that the sample was so rapidly frozen that changes are thought to minimal. Of course in these cases the cell is no longer living. Recently even two-photon fluorescence [23, 41, 70, 75] , which uses lower energy photons than traditional UV fluorescence, has been linked to apoptosis-like cell death [75] . Because of this ambiguity, we have performed a series of tests to explicitly quantify the non-destructive properties of SR-FTIR spectromicroscopy.
Mid-infrared photons are significantly lower in energy (0.05 -0.5 eV) than the excitation sources used in fluorescence probes including the newer twophoton techniques (photons energies of approximately 1 eV), implying that photo-induced effects will be minimal. Although mid-IR photons are too low in energy to directly break bonds or cause ionization, other effects from the SR-IR source may o ccur, including sample heating, drying, or other more subtle interactions which could influence long-term metabolic and other cellular physiological processes.
The following highlights the results of in vitro studies to determine if the SR-IR beam causes any detectable effects on living cells [35] . Two classes of effects were measured in this study: (1) immediate and/or short-term effects in cell viability, cell-cycle progression, cell metabolism, and (2) long-term effects on the proliferative/metabolic capacity of exposed cells. Four widely accepted cellular and molecular assays were selected to measure these potentially deleterious effects on cells subjected to different doses of the SR-IR beam. Next, infrared spectra were also recorded for exposed and non-exposed cells, and were compared in detail to identify possible immediate chemical changes as a result of exposure to the SR-IR beam. Finally, we determined the steady-state temperature rise in a typical biological sample continuously illuminated by the SR-IR beam.
A human T-1 cell-line from an established aneuploid cell-line derived from human kidney tissue was used in this study [78] . They were selected partly because of their high plating efficiency (> 90%), and partly because they have been previously used as a model biological system in studies of the effects of radiation and oxygen on human cells [2, [5] [6] [7] [8] . Most importantly the size of T-1 cells is typically ~10 micron in the G 0 and G 1 phases, which is similar to the size of the synchrotron IR beam.
A custom on-stage mini-incubator was used to maintain the proper moisture and growth environment for the cells while allowing in situ SR-FTIR spectromicroscopy measurements. The mini-incubator was temperature controlled via circulating water from a water bath, and infrared transparent CaF 2 windows on the top cover were separately temperature-controlled to avoid condensation. The location of the synchrotron infrared beam within the field of the microscope was fiducialized to approximately one micron by mapping a titanium on silicon calibration target [74] . Every exposure experiment was conducted at 37°C and lasted for less than one hour. Complete experimental details are found in reference [35] .
We employed the Alcian blue dye exclusion assay to measure short-term cell viability [88] . As shown in Figure 3 -i, neither cells exposed to up to 20 minutes of synchrotron IR beam nor nearby non-exposed cells retained the blue dye 6 hours after exposure. This indicates that the SR-IR beam did not produce detectable effects on the viability of exposed cells. Other exposed cells remained free of stain 12 and 24 hours after exposure indicating that their membranes still remained intact.
While the aforementioned short-term test has revealed that cells were active at the time of the Alcian blue assay, the long-term colony-forming assay demonstrates that the exposed cells also continue to proliferate into colonies. The exposed test cells and nearby non-exposed cells proliferated into colonies of similar size (Figure 3 -ii), well over fifty cells in ten days. Since none of the 46 SR-IR exposed test cells developed into colonies with less than 50 cells, we interpret this as an indication that SR-IR beam does not impact cell survival and proliferative activities.
A two-antibody bromodeoxyuridine (BrdU) assay was designed to specifically answer the question, "Do SR-IR beam exposed cells progress into Sphase at the same time as unexposed control cells?" Cell-cycle progression in exposed cells were monitored by the incorporation of BrdU into newly synthesized DNA at 11 hours after cell setup and 10 hours post SR-IR exposure. Both exposed cells and non-exposed controls had reached the DNA synthetic phase (S-phase) of cell-cycle at this 12-hour observation point. For example, the upper photo in Figure 3 -iii shows an image of 5-, 10-, or 20-minute exposed cells and their neighboring non-exposed controls. The lower photo in Figure 3 -iii shows that all three exposed cells as well as the controls have incorporated BrdU into the DNA, which is identified by the double color labeling of red for BrdU and blue for DNA. The similarities among these immunofluorescent staining of BrdU and DAPI (4,6-diamidino-2-phenylindole) labeled cells indicate that the exposed cells are not compromised in their ability to enter their S-phase in the cell cycle after exposure to the SR-IR beam. Furthermore, the lack of detectable uptake of BrdU into DNA in exposed and control cells at 6 or 24 hours after their release demonstrates that the cell-cycle progression of SR-IR exposed cells remains uninterrupted.
We have shown that the cell cycle progresses uninterrupted, and now use a MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay to test for any SR-IR beam effect on ATP and NAD+-associated metabolic activity. Representative photos of the results are shown in Figure 3 -iv. Cells exposed for 20 minutes and nearby non-exposed controls show similar purple-blue stain. Results were identical for 5-and 10-minute exposures. This implies that both the exposed and negative control cells produced mitochondrial dehydrogenases during the two-hour MTT assay. Mitochondrial dehydrogenases are associated with the ubiquitous metabolic pathway of glycolysis [69] that generates the critical biomolecules of ATP and NAD+. These results indicate that the SR-IR beam has negligible effects on this important metabolic pathway which provides energy to cells.
We next compared SR-FTIR spectra of cells as a function of time looking for any biochemical changes induced by the beam. SR-FTIR measurements performed repeatedly on one living cell every 10 minutes for thirty minutes showed an unchanging IR spectrum to within 0.005 absorbance units across the entire mid-IR spectral range. Longer exposure times can be tested, however the living cell continues growing through its cell cycle, which results in other spectral changes as described below [34] .
In all 5 assays studied (Alcian blue, colony formation, BrdU, MTT, and SR-IR spectra) we found no detectable changes between cells exposed for 5, 10, and 20 minutes to the synchrotron infrared beam and nearby non-exposed controls. 267 individual cells were tested using standard biochemical assays with zero tests showing any measurable cytotoxic effects (counting statistics error is 6.1%), with over 1000 control cells used. Additionally, infrared spectra that are a measure of the overall biochemistry within a cell were obtained from test and control cells, and showed no spectral changes. These results show that the highbrightness mid-IR synchrotron beam is not only non-destructive, but also causes no effects on both the short-and long-term viability, proliferation, and metabolism within living human T -1 cells. Although the present study has focused on only one established human cell line, we anticipate that these results will be generally applicable to most, if not all, living biological systems.
We have shown that synchrotron-based IR spectromicroscopy induces no detectable effects to cellular viability, reproductive integrity, cell-cycle progression, or metabolic activity when exposed to this beam. The power levels in the mid-IR spectral region of the SR beam are generally fairly low (~1 mW integrated power [35] ). However, since all cellular processes are sensitive to temperature, we must determine the extent of heating by the intense synchrotron beam.
The phospholipid dipalmitoylphosphatidylcholine (DPPC) was utilized as an internal thermometer to determine the steady state temperature rise due to the continuous exposure to the SR-IR beam. [48] DPPC, when dispersed in water, forms bilayers which exist in at least two different states, depending on the temperature. These states are separated by a phase transition temperature (T m ) at around 315 K, when the bilayers are converted from a gel into a liquidcrystalline state [39, 67] .
Mid-IR spectra were obtained at 4 cm -1 resolution with a Thermo Nicolet Magna 760 FTIR bench connected to a Nic-Plan IR microscope. A Ge-coated KBr beamsplitter and liquid nitrogen cooled MCT-A detector were used and data was collected in reflection geometry covering the 800-6000 cm -1 spectral region. Samples were mounted on an MMR Technologies optical transmission microminiature refrigerator/heater fitted with KRS-5 windows for IR transparency. The sample temperature was set and monitored by an MMR K-20 programmable temperature controller to within an accuracy of 0.1 K.
A 20:l dilution of the hydrated DPPC dispersion was placed on a goldcoated piece of glass, and a CaF 2 window was used to cover the sample creating a uniform layer thickness. Vacuum grease was carefully applied to the edges of the CaF 2 window to ensure the sample was sealed inside and no water loss during heating would occur. This sample was then mounted onto the temperature finger of the MMR heater/cooler with thermal grease. Measured reflectance spectra were ratioed to a background spectrum obtained with the same CaF 2 window on gold but without the DPPC present.
The inset to Figure 4 shows the measured infrared spectrum of the hydrated DPPC at T=328 K (above T m ). As has been shown before [39, 67] , the methylene (CH 2 ) symmetric stretch vibration at around 2850 cm -1 and the phosphate asymmetric stretching mode around 1240 cm -1 shift when the sample passes through the phase transition. For this study we monitored the CH 2 symmetric stretch mode (labeled in Fig. 4 ).
The CH 2 symmetric stretch mode's center frequency was measured using the less bright thermal Globar™ IR source as the sample temperature was increased and decreased through T m . The results are displayed in main part of Figure 4 along with a best fit to the data using a Boltzman expression with a linear background. The transition temperature was determined by this fit to be T m = 316.7 ± 0.1 K.
To test if the more concentrated flux of the synchrotron source causes any local sample heating, we set the sample temperature to be continuously held at 317.0 K. This temperature setting is where we would have maximum sensitivity to temperature changes as it is the point of greatest slope in Fig. 4 . The IR source was then switched to the brighter synchrotron source and infrared spectra were acquired every minute for 30 minutes to look for any heating that occurred instantaneously or more slowly over time. The temperature of the sample within the beam spot was measured by monitoring the position of the CH 2 symmetric stretch mode as previously calibrated. The sample temperature fluctuated slightly over the 30 minutes, however no discernable longer-term trends were observed.
Statistical analysis of the measured temperature fluctuations determined that the average temperature rise due to the SR beam is a very modest 0.5 ± 0.2 K. We therefore conclude that the synchrotron IR source does not appreciably heat the sample under investigation. Since the test sample is mainly water, 98% by weight, we are confident that our result generalizes to most biological samples.
Thus, the term non-destructive is truly appropriate for SR-FTIR spectromicroscopy.
IV. Cell Cycle and Cell Death
As a first evaluation of the potential of the SR-FTIR spectromicroscopy technique to image changes within a single living cell, we investigated the changes in infrared spectral features as individual human cells progressed through their cell cycle, and finally into death. The normal human fetal lung fibroblast IMR-90 P4 (passage 4) cell line of female origin was used for this study [58] . Grown to confluency, the cells are ~82% synchronized into the G 1 phase as determined by Fluorescence-activated cell sorting (FACS) [18, 20, 21] .
The cells were placed on gold coated glass slides which were inserted into a small chilled chamber with a thin (~0.5 mm) IR-transparent ZnSe window to maintain a more constant humidity, and prolong cell viability. Data for this study was acquired in the double-pass reflection/transmission mode (the IR beam passes through a cell and is reflected back from the gold surface through the cell again). The sample stage was moved to align the center of the cell of interest with the focused SR-IR spot to within a few microns. Typically spectra were obtained from an individual cell using 4 cm -1 resolution and 64 co-added interferograms. On the order of 100 individual cells were measured, spread through the various morphologies. No apertures were used in the beam from the source to the sample, therefore the nearly diffraction limited spot size in the mid-IR region of interest was always ten microns or less.
We found that cells identified as being in the G 1 , S and G 2 /M parts of the cycle showed clearly different spectra. Figure 5 shows the 1800 to 900 cm -1 region for typical individual cells in each of these three phases. These spectra are not normalized. Cell to cell spectral variations within each cell cycle phase were significantly smaller than the phase to phase changes reported here. During S phase the DNA is undergoing replication and we observe that the absorptions in the DNA/RNA spectral region increase relative to the G 1 phase spectra by approximately a factor of two.
When a G 2 /M phase cell is measured we observe a large increase in the overall absorbance (uppermost spectrum in Figure 5 ). This may be a result of more material in the cell, or because the thickness may be different in the M phase. In the second case there could be a greater path-length for the IR beam to traverse. Other more complicated mechanisms may also be active including the condensation of chromatin during these phases of the cell cycle. Absorptions in the DNA/RNA region are significantly increased relative to the protein peaks. It is also noteworthy that the peak around 1395 cm -1 is noticeably larger in the G 2 /M phase than in the other phases.
A previous study has looked at the average infrared absorption response of human Myeloid Leukemia cells, separated into G 1 , S and G 2 cell cycle stages by centrifugal elutriation, either macroscopically by measuring ~10 4 cells or microscopically by averaging the response of 10-50 individual cells measured using a conventional IR source and a 15 µm aperture in an IR microscope [10, 24] . They were unable to separate and measure cells in the M phase due to the short time their cells spend in that phase (<4% of the cell division cycle is in M phase). Our G1 and S phase results in Figure 5 (each from a single cell) confirm conventional IR measurements of Boydston-White et al. [10, 24] . We observe the intensity of the DNA/RNA spectral region peaks relative to the protein Amide peak intensities increase markedly in S phase compared to G 1 phase. Since the DNA is being replicated throughout S phase is it reasonable to expect a greater DNA signal in the IR spectra. Alternatively, Boydston-White et al. hypothesize that in the G phases the DNA is packed so tightly into nucleosomes that the IR absorptions are optically thick and will therefore be unobservable in the IR spectra. However during the S phase portions of the DNA are packed less densely and therefore will contribute to the IR spectrum [10, 24] . In our S phase spectrum the PO 2 -peak at ~1085 cm -1 shows a small "nose" consistent with the spectrum of RNA [10, 77] . Further studies are necessary to fully assess whether DNA/RNA packing and/or content is responsible for the increased IR absorption observed.
The centroid positions of the protein Amide I and II peaks were observed to shift to lower energy in the S phase compared to the G 1 phase. Using a simple amide peak shape interpretation, these shifts are consistent with more cellular proteins having β-sheet secondary structure in the S phase compared to a higher α-helix protein content in G 1 phase [12, 30, 46, 71, 72] .
The uppermost trace in Figure 5 is significantly different than the G 1 or S phase spectra. Boydston-White et al. [10, 24] showed that their G 2 phase cells had a very similar spectra to those in the G 1 phase. Therefore one can conclude that the measured cell was in the M phase and not in the G 2 phase. To our knowledge, the top curve in Figure 5 presents the first measured M phase IR spectrum from a mitotic cell. The overall absorption intensity in the DNA/RNA spectral region increased significantly relative to the protein Amide vibration peaks. Since the DNA is most tightly packed into chromosomes during M phase,[3] the optical density arguments of Boydston-White et al. [10, 24] would point toward this enhancement being due to RNA in the cell. Since the nucleolus disappears during mitosis with the presumed dispersal of the associated RNA and ribosomes a straightforward interpretation would be that the dispersed RNA is now optically thinner and contributes more to the IR spectrum. However the ratio of the ~1085 cm -1 PO 2 -to ~1230 cm -1 phosphodiester and Amide III peaks is closer to that of DNA. The full understanding of this complex behavior will require further study and interpretation.
The M phase spectrum also shows the absorption mode at ~1395 cm -1 is much enhanced compared to the G 1 and S phase spectra. As this one peak grows much more than the overall protein, DNA/RNA, or lipid (not shown) spectral regions, one can conclude that this growth is not simply related to the amount or density of these major cellular components. Since absorptions affected by helical conformations of DNA as well as protein side chain vibrations are components to this spectral region [45] , future detailed experiments will be required to assign this intensity growth to a specific phenomenon.
Occasionally some cells exhibited different spectral characteristics near the protein Amide I and II peaks even though the cells were morphologically identical. Comparing these spectra to published research on lysed necrotic cells [38] we see that the spectral changes observed indicate that the cells were dying or already dead. The spectrum of one such cell is shown in Figure 6 along with the spectrum of a normal living G 1 phase cell. The "dying" cell shows two characteristic spectral signatures indicative of death [38] . First, the centroids of the protein Amide I and II peaks shift from 1644 to 1633 and from 1542 to 1531 cm -1 , respectively, indicating a change in the overall protein conformational states within the cell. Second, we observe the appearance of a peak around 1743 cm -1 . We also measured a number of cells that were visually seen to have nonintact cell membranes. Spectra from these cells were similar to those reported by Jamin et al. [38] in that a peak at ~1728 cm -1 became prominent with a shoulder at ~1743 cm -1 . The Amide peaks were also observed to shift down to lower energies with the exact amount of the shifts varying from cell to cell.
As a first (overly simplistic) analysis we fitted the Amide I peak shape in the living and dying cell spectra to a series of empirically determined peak positions for the various secondary structures of proteins [12, 30, 46, 71, 72] . When we compare the amplitudes of the three nominal "β-sheet" subcomponents at 1605, 1623, and 1667 cm -1 to the central α-helix component at 1640 cm -1
, we find that the amount of "β-sheet" secondary structures increases by ~20% in the dying cell compared to the living cell. The amount of "random coils" is only increased by ~2% in the dying cell. These structural changes in the cellular proteins could be due to a different distribution of proteins during apoptosis, or to denaturation of the existing proteins. This analysis is simplistic and ignores other spectral features under the Amide I envelope such as ring breathing and C=O stretching vibrations of DNA and RNA. Furthermore, Torii and Tasumi [76] have demonstrated that the interpretation of Amide I envelopes requires more than simple deconvolution with spectral features from a "basis set" of model proteins. Their analysis of the IR spectrum of myoglobin, which has no β-sheet secondary structures, shows that the Amide I peak can have weaker absorption in the nominal "β-sheet" wavelength region of a simple model.
The new peak at ~1743 cm -1 in the dying cell is usually associated with the non-hydrogen bonded ester carbonyl C=O stretching mode within phospholipids [25, 36, 61] . There is not a large increase in other lipid absorption bands in the dying cell, so this peak is not simply an increase in the number of lipid molecules or their density. A shoulder at ~1725 cm -1 is also observed which is associated with hydrogen bonded C=O groups [25] . An increase in a peak at this position was seen by Jamin et al. [38] , although in that study the authors investigated a cell which had experienced necrosis, and was visually changed morphologically due to a loss of cell membrane integrity [89] . When we investigated IMR-90 cells that had lost membrane integrity we observed similar results to those of Jamin et al. [38] . The fact that the ~1743 cm -1 peak in Figure 6 is significantly more intense than the ~1725 cm -1 peak implies that the C=O ester carbonyl groups of lipids in the cell are becoming predominantly non-hydrogen bonded, which would be in agreement with the occurrence of oxidative damage. Apoptosis is associated with, among other factors, increased oxidative damage [4, 55] . Therefore the cell we measured may be in the early stages of apoptosis and not a lysosomal type of death, whereas cells visually observed to have lost membrane integrity are most likely lysosomal and have different IR spectral characteristics.
It is also interesting to note that the peak at ~1455 cm -1 becomes much sharper than was observed in any of the living cell cycle phase measurements. A vibration due to protein side chains is approximately at this position as well as some DNA/RNA and lipid vibrational modes. However, Venyaminov et al. [80] state that only pH or mutations can change vibrations from protein side chains. At present it is not clear which cellular component is causing this sharpened feature.
V. Cellular responses to dilute concentrations of TCDD
To compliment the above experiments following endogenous changes to living cells, we now turn to a health-related problem studying cellular responses to an exogenous environmental pollutant at realistic exposure concentrations [33] . Exposure to polychlorinated aromatic compounds (PAHs) c an lead to various health effects including cancers, alteration of hormone levels, and reproductive defects in animals [9, 17, 43, 56, 81, 86] and humans [26, 29, 40, 44, 59, 60, 63, 79] . Among this family of pollutants, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is one of the most potent and most studied "man-made" toxins, causing harmful effects at exposure levels of hundreds or thousands of times lower than most chemicals of environmental concern [1]. As illustrated in Figure 7 , TCDD acts by binding to the aryl hydrocarbon (Ah) receptor [68, 85] . Binding triggers induction of various genes involved in xenobiotic metabolism including the cytochrome P4501A1 ( CYP1A1) gene [42, 62, 68, 82, 85] . TCDD was chosen for this study because the cellular response pathway is relatively straightforward and widely-studied, however there remain unresolved issues. For example, why is TCDD so much more toxic than other members of the same family of pollutants, even though a similar gene expression pathway is used? One widely-discussed explanation is that the presence of TCDD triggers methylation of the DNA and thus inhibits the expression of the CYP1A1 gene. In this study we use SR-FTIR spectromicroscopy to measure directly intracellular responses to TCDD, particularly the presence of methylation.
The SR-FTIR spectromicroscopy experiments began with exposing HepG2 cells (derived from a human hepatocellular carcinoma) to various dilute concentrations of TCDD. HepG2 cells were selected for use in this study as their ability to metabolize polyaromatic compounds is well characterized [22] . A fraction of the exposed cells were investigated by acquiring SR-FTIR spectra from individual live cells. The remaining cells were analyzed for CYP1A1 gene expression, using the reverse transcriptase polymerase chain reaction (RT-PCR) technique. Observed changes in the SR-FTIR spectral measurements were compared with those from RT-PCR results.
As before, all SR-FTIR spectra were recorded in the 4000−650 cm -1 infrared region as this mid-IR region contains unique molecular absorption fingerprints, e.g. Ref. [45] . Every IR measurement consisted of 128 co-added spectra at a spectral resolution of 4 cm -1
. All spectra were obtained in the double-pass transmission geometry, were ratioed to the spectrum of a bare gold-coated slide, and absorbance values were computed. The center of each cell was found to within an accuracy of ±2 µm by acquiring a line-map across each individual cell and then using the most absorbing, and therefore the thickest, part of the cell for analysis. Any residual water vapor features in the resultant spectrum were removed by subtracting an appropriately scaled reference spectrum of water vapor. To account for cell-to-cell thickness variations, the final spectrum from each cell was normalized with the protein Amide II peak (1548 cm -1 ) [57] . Figure 8 shows the IR spectra of unexposed HepG2 cells (solid line) and of cells exposed to different concentrations of TCDD in the phosphate band region. For untreated cells the phosphate absorption bands [61, 66] at 1236 cm -1 (asymmetric phosphate stretching mode ν as PO 2 − ) and at 1082 cm -1 (symmetric phosphate stretching mode ν s PO 2 − ) were approximately equal in strength. For TCDD-treated HepG2 cells, the ν as PO 2 − band decreased somewhat in intensity while the ν s PO 2 − band increased by more than a factor of two for the highest TCDD doses studied. There w ere no detectable frequency shifts of either phosphate-stretching mode for TCDD treatments studied.
RT-PCR was carried out on extracts from the cell cultures of each TCDD exposure concentration. Measured values of CYP1A1 gene expression were normalized to measured β-actin levels, and finally the relative increase in CYP1A1 as a function of TCDD was obtained. The above systematic spectral changes obtained by SR-FTIR spectromicroscopy were compared with results from the RT-PCR technique. This comparison was done to determine if the SR-FTIR spectral changes could be associated with intracellular changes due to the induction of the CYP1A1 gene. The relative increase in the ratio of the symmetric to asymmetric phosphate infrared bands with increasing TCDD concentration was compared to the relative increase in CYP1A1 induction in the inset to Figure 8 . Error bars for the IR data arose from the fact that we measured at 5 or less cells for each treatment concentration. The solid line in Figure 4 is a weighted linear regression fit to the data. The excellent agreement (with r 2 = 0.96) for measurements from the two methods indicates that the rapid SR-FTIR spectromicroscopy technique can measure biochemical changes due to the CYP1A1 expression processes.
Spectral absorption due to hydrocarbon vibrations in lipids, proteins, nucleic acids, sugars, and phosphates, among others were found within the 3050-2800 cm -1 region. Figure 9 displays the SR-FTIR spectra of unexposed HepG2 cells (solid line) and of cells exposed to different concentrations of TCDD in the C−H stretch region normalized to the peak maximum near 2925 cm -1
. The band near 2853 cm -1 is due to the symmetric CH 2 stretching mode of methylene groups; the peak at ~2925 cm -1 is due to the asymmetric CH 2 stretch; the 2961 cm -1 absorption is due to asymmetric stretching of the CH 3 methyl groups; and the 2871 cm -1 mode is from the symmetric CH 3 stretching mode [66, 71, 86] . For TCDDtreated HepG2 cells, the 2853 peak decreased in intensity while the 2961 and 2871 cm -1 peaks increased. This indicates that the ratio of the number of methyl groups to that of methylene groups increases as the TCDD concentration increases. All C −H bands shown in Figure 9 were observed to stiffen with increased TCDD exposure.
The relative change in intensities of the C −H stretching vibrations indicates that the number of methyl groups is increased compared to methylene groups upon exposure to TCDD. Other authors have proposed that TCDD removes the protection from methylation from certain sites when it binds to the Ah receptor [16] , or increased methylation may down-regulate the expression of the CYP1A1 gene [73] . Since methylation is so intimately involved with gene inactivation [27] , many have suggested that this increased methylation could explain the tremendous toxicity of TCDD in mammals. Our data, however, suggest that while increased methylation may be present CYP1A1 gene expression continues.
VI. Conclusions
In summary, we have introduced the newly emerging synchrotron-based FTIR spectromicroscopy technique, shown that it is truly non-destructive for biological systems, and reviewed some early applications of the technique that serve to indicate the potential of the technique. Future work will build upon previous IR studies and complement other microscopy and biochemistry techniques to investigate changes in many different types of cells, as well as cellular biochemical processes resulting from a variety of agents. While the infrared spectra of whole cells are quite complex, the use of cell lines which are defective in a single process or pathway may allow the identification of key spectral features associated with important biochemical and physiological mechanisms. With sufficient development infrared spectromicroscopy may become a rapid and inexpensive diagnostic tool for medical screening applications. In addition, the single cell nature of the SR-FTIR technique will allow reliable detection and identification of a small number of cells within a sample that are different from the others, potentially opening new areas of research in environmental health and biomedicine.
The results reported here lay an important foundation for future biomedical and biological applications of synchrotron infrared spectromicroscopy, which will complement other biochemistry and microscopy techniques. SR-FTIR spectromicroscopy enables the successive monitoring of biochemical changes in individual cells non-destructively without having to treat cells with exogenous dyes, fluorescent labels, or stains, or to resort to destructive techniques. The non-invasive and non-destructive nature of the technique allows each cell in a population to be studied sequentially over a period extending to hours or even days. By monitoring individual cells over time it will be possible to detect the onset of disease and other cellular changes, and to probe the heterogeneity of responses to various treatments or insults within a population of living cells. The development of SR-FTIR spectromicroscopy will result in a broadly applicable and powerful research tool available to the scientific community. , and 10 -9 molar TCDD. Spectra have been normalized to the protein amide II peak intensity to account for cell-to-cell thickness variations. The inset compares the ratio of these phosphate peaks and the CYP1A1 gene activity as measured by RT-PCR. 
